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Automation of the glutathione peroxidase enzyme as-
say has been problematical. Although such methods
have been reported, they do not give equivalent results
to the standard manual assay, wherein glutathione oxi-
dation is coupled to NADPH oxidation via glutathione
reductase. We report here the development of a fully
automated, continuous-flow, colorimetric method for
glutathione peroxidase assays in which glutathione
oxidation is monitored by its effect on the reaction of
glutathione with the colorimetric reagent 2,6-dichloro-
indophenol. This method has a linear response to gluta-
thione peroxidase over an 800-fold range of enzyme
concentrations. Results of assays done by this method
in erythrocyte and plasma samples correlate well with
the standard manual coupled assay (r = 0.997 and
0.923, respectively), with no evidence of systematic er-
rors. The assay works equally well with hydrogen per-
oxide or cumene hydroperoxide as substrate and shows
the same selectivity toward glutathione S-transferases
as the standard coupled assay. The within-day repeat-
ability and the between-day reproducibility were esti-
mated as 1.1 to 6.4% and 1.3 to 7.1% (relative standard
deviation), respectively. This method is suitable for en-
zyme determinations in whole blood, erythrocytes,
plasma, and serum from rats, rabbits, monkeys, and
humans. © 1990 Academic Press, Inc.

Glutathione peroxidase (glutathione:hydrogen perox-
ide oxidoreductase, EC 1.11.1.9) catalyzes the reduction
of H,0, and organic hydroperoxides by reduced GSH.
The enzyme, first described by Mills in 1957 (1), is ubig-
uitous in animal tissues, but has not been reported in
higher plants or bacteria. GSH-Px” is the major pathway

! Reference to a company or product name does not constitute en-
dorsement by the U.S. Department of Agriculture. ]

% Abbreviations used: GSH-Px, glutathione peroxidase; DCIP, 2,6-
dichloroindophenol; CHPO, cumene hydroperoxide; U, enzyme activ-
ity unit; mU, 107% enzyme activity units; DTNB, dithiobis-5,5'-(2-ni-
trobenzoic acid).
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in erythrocytes for the elimination of H,Q, (2). Selenium
was shown to be an essential component of the erythro-
cyte enzyme in 1973 (3) and the form of selenium in
the rat liver enzyme was identified as selenocysteine in
1978 (4).

The most widely accepted assay for GSH-Px is the
method of Paglia and Valentine (5), in which the oxida-
tion of GSH is coupled to NADPH oxidation by GSH
reductase. Many modifications of the coupled assay have
been published which vary in substrate concentrations,
type of peroxide, presence of chelators and inhibitors,
pH, and temperature (6-8). Because the selenium-con-
taining enzyme cannot be simultaneously saturated with
respect to both substrates (9), there has been no wide-
spread agreement on a standard enzyme unit definition.

Other assay methods have been proposed for GSH-Px.
The direct spectrophotometric measurement of GSH
consumption at 237 nm (10) works well but suffers from
a nonphysiological pH of 10.5 and a high nonenzymatic
blank rate. The method based on indirect measurement
of GSH consumption with DTNB (11,12) is based upon
logarithmic units which exhibit very poor linear corre-
lations with the coupled assay (13). Semiautomated pro-
cedures have been developed using DTNB to monitor
GSH consumption continuously (14) or HPLC to sepa-
rate and quantitate GSH and GSSG (15). An automated
version of the coupled assay was developed on a centrifu-
gal analyzer but showed a relatively poor correlation
with the manual coupled procedure for assays of rat liver
samples (r = 0.81), with significant constant and propor-
tional errors (16). A recent report describes the adapta-
tion of the coupled assay method to a random access
chemistry analyzer (Technicon RA-1000) for assays of
human plasma samples, but insufficient information was
presented to evaluate its utility or cost (17).

In this paper, we describe a fully automated, continu-
ous-flow, colorimetric assay for GSH-Px, using the reac-
tion of DCIP with GSH to monitor the oxidation of
GSH. The method exhibits a linear response to GSH-
Px over an 800-fold range of concentrations. This assay
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correlates well with the manual coupled assay in blood
from several species and has essentially the same char-
acteristics as the coupled assay with respect to inhibi-
tion, substrate preference, and selectivity for the seleni-
um-dependent form of the enzyme.

MATERIALS AND METHODS

Reagent preparation and stability. The 1.5 mM
CHPO reagent, the 1.5 mM H,0, reagent, and the 2.3
mM GSH/1 mM disodium-EDTA reagent (all from
Sigma Chemical Co., St. Louis, MO) were prepared in
cold distilled water. The reaction buffer was 40 mMm
NaCN/0.25 m Tris-HC1/0.1 mM disodium-EDTA, pH
7.8. The 0.68 mM DCIP reagent (Sigma) was prepared
from a filtered stock solution of DCIP (80 absorbance
units/ml at 624 nm, stable for 30 days at 4°C), by dilut-
ing to a concentration of 14 absorbance units/ml at 624
nm in cold distilled water. The above solutions were kept
on ice and were discarded at the end of each day.

Preparation of samples and standards. A stock solu-
tion of bovine erythrocyte GSH-Px (Sigma No. G-6137)
was prepared at a nominal concentration of 1 U/ml
(Sigma units, Ref. (7)) in 50 mM Tris-HCI/0.1 mM
EDTA/0.5% Triton X-100, pH 7.8, and stored in 1-ml
aliquots at —70°C. The stock solution was calibrated
with the manual coupled assay ((18), see below) to estab-
lish the relationship between their enzyme unit defini-
tion and ours. The stock solutions were thawed over-
night at 4°C and working standards were prepared fresh
each day. EDTA-treated human blood samples were ob-
tained from Cocalico Biologicals (Reamstown, PA). Ani-
mal blood samples were excess samples from various
previous studies. Blood samples (whole blood, packed
erythrocytes, plasma, or serum—with various anticoag-
ulants) were stored at —70°C and thawed overnight at
4°C. Thawed blood samples were treated for 2 min in an
ultrasonic bath at 4°C to resuspend particulate matter
and vortexed vigorously immediately before aliquots
were withdrawn for assay. Seventy-five microliters of
whole blood or erythrocytes or 0.1 ml of plasma or serum
was diluted in 2.925 ml (40-fold) or in 1.9 ml (20-fold) of
cold 50 mM Tris-HC1/0.1 mM EDTA/0.5% Triton X-
100, pH 7.8, respectively. Blood samples showed no sig-
nificant decrease in enzyme activity overnight at 4°C or
for up to 2 h at room temperature in the automatic sam-
pler.

Continuous-flow analytical system. The analytical
system (Fig. 1) was constructed from standard Techni-
con Auto-Analyzer equipment (Technicon Industrial
Systems, Tarrytown, NY). Transmission lines, mixing
coils, and reaction coils were 2.4-mm-i.d. glass tubing.
The three reactor coils were kept in insulated baths at
ambient temperature. To accomodate the very different
enzyme activities in whole blood/erythrocyte and
plasma/serum samples, two sampling lines were in-
cluded with a 10-fold difference in their low rates. When

plasma or serum samples were assayed, the 1.0 ml/min
sample line was used for sampling and the 0.1 ml/min
line was used to pump diluent (50 mM Tris- HC1/0.1 mM
EDTA/0.5% Triton X-100, pH 7.8). When whole blood
or erythrocytes were assayed, the 0.1 ml/min sample line
was used for sampling and the 1.0 ml/min line was used
to pump diluent. This approach permitted the sensitiv-
ity of the assay to be changed by a factor of 10, which
increased the linear range by the same factor. The sam-
pling rate was 30/h, with a sample-to-wash ratio of 1:1.

Data collection and processing. Data from the color-
imeter were collected by a DP-1000 computerized data
acquisition system (Labtronics, Guelph, Ontario, Can-
ada). The raw data were expressed as net absorbance
peak heights over baseline. Sample-to-sample carryover
was measured at less than 0.8% using the 0.1 ml/min
sample line at 30 samples/h and was therefore not in-
cluded in the calculations. Units were defined as the
amount of enzyme required to prevent the reduction of
1 pmol of DCIP/min at 25°C, pH 7.8. The formula used
to convert the absorbance peak heights to enzyme activ-
ity concentrations was U/ml = 2.312 X 107 X absor-
bance peak height. For convenience of presentation, the
enzyme activities have been expressed in milliunits (1072
units, mU), unless otherwise noted.

Assay of GSH concentration after enzyme reaction. In
order to determine the effect of the enzyme concentra-
tion on the concentration of GSH remaining after the
enzyme reactor, the DCIP reagent was replaced with 2
mM DTNB (Sigma) in 0.2 M Tris- HCI, pH 8.2, and the
absorbance was measured at 420 nm. The system was
calibrated with GSH solutions of known concentration
with no enzyme present, to construct a linear standard
curve of absorbance at 420 nm vs GSH concentration.
This reaction was not used to monitor the enzyme activ-
ity because of the nonlinear relationship between the en-
zyme activity and the absorbance at 420 nm (11,12).

Manual coupled GSH-Px assays. GSH-Px was mea-
sured by the method of Paglia and Valentine (5) as modi-
fied by Tappel (18). The conditions were 0.25 mM GSH,
30 ug/ml CHPO, 0.12 mM NADPH, 1 U/ml GSH reduc-
tase, 8.7 mM NaCN, 50 mM Tris-HC], 0.1 mM EDTA,
pH 7.8, 37°C. The units in this assay are defined as the
amount of enzyme which causes the oxidation of 1 ymol
of NADPH to NADP" per minute. One unit in the cou-
pled assay was equivalent to 167.5 units based on DCIP.

Specific inhibition of selenium-dependent GSH-Px by
iodoacetic acid. 'Twenty microliters of 40 mM GSH was
added to 0.4 ml of each sample and the samples were
incubated for 15 min at 37°C to reduce the enzyme. Each
sample was split into two aliquots of 0.19 ml each and 10
ul of either distilled water or 0.1 M iodoacetic acid was
added to each. The control and inhibited aliquots were
incubated for 15 min at 37°C, then for 15 min at room
temperature. To each aliquot, 3.42 ml of 50 mM Tris-
HC1/0.1 mm EDTA/0.5% Triton X-100, pH 7.8, was



48 HAWKES AND CRAIG
AUTOMATIC
aop MLER PRE—INCUBATION
- 2.5 min, 25°C
DILUENT ENZYME REACTOR
14 min, 25°C
RBC PL_AS.MA
>< [ [ . DCIP
ERr AR UUR. J SOOI P & : REACTOR
i7 min, 25°C
LOW Q.1
AR HIGH 12 COL.ORI-
N : ; METER
TRIS/CYANIDE 0.6
GLLEAII:IJQNE_Q.&_J 630 nm
PEROXIDE 0.4 1.5 cm
DCIP 04
FIG. 1. Schematic diagram of continuous-flow analytical system. Numbers over the reagent lines represent the nominal flow rates of the

pump tubes in ml/min. The different connections of the sampling and diluent lines for assays of erythrocyte or plasma samples are shown
within the dotted box. RBC, erythrocytes; diluent, 50 mM T'ris- HC1/0.1 mm EDTA/0.5% Triton X-100, pH 7.8.

added to dilute the enzyme for assay. For each set of
samples another control containing iodoacetic acid but
no enzyme was also prepared and assayed along with the
enzyme samples. The peak heights for the iodoacetic
acid containing enzyme samples were corrected for the
small baseline shift caused by the presence of iodoacetic
acid.
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FIG. 2. Standard calibration graphs. Bovine erythrocyte GSH-Px
standards (Sigma No. G-6137) were assayed with CHPO as the oxidiz-
ing substrate using the high flow sampling line (1.0 ml/min, solid cir-
cles) or using the low flow sampling line (0.1 ml/min, open circles).
The lower scale labels on the horizontal axis (in parentheses) repre-
sent the enzyme concentrations used with the high flow sampling line
and the upper labels represent the enzyme concentrations used with
the low flow sampling line.
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RESULTS

Optimization of reaction conditions. The concentra-
tions of GSH and CHPO were chosen to minimize inter-
ference from heme proteins, whose activities became sig-
nificant at higher substrate concentrations. The NaCN
concentration and the enzyme reaction pH were ad-
justed to give the best selectivity for GSH-Px with re-
spect to heme proteins. Sodium azide, potassium fluo-
ride, EDT'A, and hydroxylamine hydrochloride were not
as effective as cyanide in this regard. The reaction was
conducted at room temperature to minimize heme pro-
tein interferences. To compensate for the lower enzyme
reaction temperature, the length of the enzyme reaction
was increased until sufficient sensitivity was attained.
Because the reaction between DCIP and GSH was in-
complete (excess GSH and partial reduction of DCIP),
the length of the reaction coil in the “DCIP reactor”
(Fig. 1) was not critical, although it affected the opti-
mum ratio of DCIP to GSH. This optimum ratio was
determined by systematically varying the DCIP concen-
tration while holding the GSH and CHPO concentra-
tions constant. Increasing the DCIP increased the sensi-
tivity of the assay (slope of the standard curve) but also
increased the baseline absorbance. A concentration of 14
absorbance units/ml at 624 nm (0.68 mM) gave adequate
sensitivity while keeping the baseline below 0.3 absor-
bance unit and free of excessive noise.

Linearity of response.
reaction is represented by

The chemistry of the enzyme
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TABLE 1
Within-Day and Between-Day Precision of the Automated GSH-Px Assay with DCIP®

Within-day Pure between-day
standard deviation standard deviation®
Mean activity
Sample type (mU/ml) (mU/ml) (%RSD)* (mU/ml) (%RSD)°
Low sensitivity (0.1 ml/min sample flow rate)
GSH-Px 0.356 0.0043 1.2 0.0254 7.1
GSH-Px 1.112 0.0233 2.1 0.0327 2.9
Human erythrocytes, 1:40 0.475 0.0102 2.2 0.0174 3.6
High sensitivity (1.0 ml/min sample flow rate)
GSH-Px 0.0362 0.0009 2.5 0.0009 2.7
GSH-Px 0.1540 0.0017 1.1 0.0020 1.3
Human plasma, 1:20 0.0259 0.0017¢ 6.4¢ 0.0017¢ 6.4¢

* Sets of four replicates were assayed on 4 separate days. Variances were separated and estimated by one-way analysis of variance (19).
b “Pure” between-day standard deviation does not include the contribution from within-day sources of variance (20).

¢ Relative standard deviation: (SD/mean) X 100%.

4 Analysis of variance showed no significant differences between within-day variance and between-day variance.

ROOH + 2GSH - ROH + GSSG + H,0, [1]
and the indicator reaction is

DCIP-quinone (blue) + 2GSH —
DCIP-alcohol (clear) + GSSG. [2]

The depletion of GSH during the enzyme reaction [1]
is detected by its effect on the rate of the indicator reac-
tion [2]. When there is no enzyme present, the GSH con-
centration is not decreased by reaction [1] and the blue
color of the DCIP is subsequently bleached to baseline
levels in reaction [2]. When enzyme is present, some of
the GSH is oxidized to GSSG in reaction [1] causing the
rate of reaction [2] to decrease, which results in the ap-
pearance of blue color due to DCIP—quinone that is not
reduced in reaction [2].

The concentration of GSH remaining after the en-
zyme reaction [2] was determined as described under
Materials and Methods after reaction with graded levels
of GSH-Px. The final GSH concentration was found to
have a linear dependence on the reciprocal of the enzyme
concentration over at least a fourfold range of enzyme
concentrations (r = 0.9991, n = 5), represented by

[GSH]gna = constant X 1/[GSH-Px]. [3]

Equation [3] reflects the fact that higher enzyme con-
centrations result in lower GSH concentrations after a
given reaction time.

To study the dependence of the residual DCIP absor-
bance on the GSH concentration, the flow system was
run with graded levels of GSH in the absence of enzyme.
The residual DCIP absorbance was found to have a lin-
ear dependence on the reciprocal of the GSH concentra-

tion over at least a fivefold range of GSH concentrations
(r = 0.9986, n = 8), represented by

[DCIP]residual = constant X 1/[GSH]ﬁnal- [4]

Equation [4] reflects the fact that the DCIP color is
bleached faster and more completely as the GSH con-
centration increases. Substituting Eq. [3] for [GSH ]
in Eq. [4] gives an overall equation of

[DCIP] esiquar = constant X [GSH-Px], [5]

thus rationalizing the observed linear dependence of ab-
sorbance peak height on GSH-Px concentration. Figure
2 shows the response of peak height to increasing con-
centrations of GSH-Px, using either the 1.0 ml/min
sampling line or the 0.1 ml/min sampling line. The re-
sponse was linear from 0 to 0.22 mU/ml at 1.0 ml/min
and from 0 to 2.2 mU/ml at 0.1 ml/min with correlation
coeflicients greater than 0.99.

Repeatability and reproducibility. To estimate the
within-day repeatability and the between-day reproduc-
ibility, four samples of each sample type were analyzed
on each of 4 separate days. A one-way analysis of vari-
ance was used to separate the total variance into contri-
butions from within-day sources and between-day
sources as recommended by Miller and Miller (19). Us-
ing this approach, the between-day variance is an esti-
mate of the “pure between-day variance” and does not
include the within-day variance (20). The separated
variances were used to calculate the standard deviation
data shown in Table 1.

There was no significant difference between the preci-
sion with the high sample flow rate and the precision
with the low sample flow rate. The precision with plasma
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TABLE 2
Selectivity of the Automated GSH-Px Assay with DCIP

GSH-Px activity: percentage of control

CHPO H,0,
~NaCN® +NaCN® ~NaCN® +NaCN?
Enzyme® —TAA® +IAAC ~TAA® +IAA® —TAA® +IAA® —TAA° +IAA°
GSH-Px (Sigma) 100 0.8 49.4 1.0 92.2 0.2 47.0 1.5
Erythrocytes 100 42.4 35.1 3.6 Neg? Neg* 38.9 12.1
Plasma 100 49.4 134.8 56.2 102.2 59.0 103.4 59.0
Hemoglobin 100 103.5 42.4 43.5 62.1 57.4 53.2 41.4
Myoglobin 100 128.0 14.3 19.4 113.9 128.7 22.4 25.4
Cytochrome ¢ 100 105.8 7.1 9.5 45.8 52.4 7.6 10.9
Bovine GST® 100 118.3 44.2 61.4 N.D/ 1.6 N.Df 2.4
Rat GST* 100 106.1 45.7 56.9 8.1 2.0 8.7 2.6
Equine GST* 100 163.9 131.6 178.2 N.D/ 11.4 N.D/f 12.7

* Enzyme sources and concentrations were bovine erythrocyte GSH-Px, 0.029 mU/ml; human erythrocytes, 1:120 dilution; human plasma,
1:20 dilution; bovine erythrocyte hemoglobin, 3 mg/ml; horse heart myoglobin, 1.5 mg/ml; horse heart cytochrome ¢, 3 mg/ml; bovine liver GSH
S-transferase, 0.4 U/ml; rat liver GSH S-transferase, 0.74 U/ml; horse liver GSH S-transferase, 1.3 U/ml. GSH S-transferase units were
micromoles of 1-chloro-2, 4-dinitrobenzene conjugated per minute with 2.5 mM GSH, pH 6.5, 25°C.

b Assays were conducted with (+NaCN) or without (~NaCN) 8.7 mM NaCN in the reaction mixture.

¢ Enzyme samples were assayed after pretreatment with iodoacetic acid (+IAA) or without pretreatment (—1AA) as described under Materials

and Methods.
? Negative peaks, below baseline.
¢ GSH S-transferase.
/ Not detectable.

was not as good as that with erythrocytes, probably be-
cause of the much lower enzyme activity in plasma. The
limit of detection was estimated as three times the stan-
dard deviation of the lowest standard tested, or 2.7
X 1074 U/ml.

Accuracy of the method. The accuracy of the method
was evaluated by comparison to the manual coupled as-
say in a variety of plasma/serum and erythrocyte sam-
ples from rats, rabbits, monkeys, and humans, using
CHPO as the oxidizing substrate in both assay methods.
Since the typical enzyme levels in plasma/serum are 10
to 100-fold lower than those in erythrocytes, accuracy
was evaluated separately for the two sample types by lin-
ear regression of the automated assay values on the man-
ual coupled assay values after converting the coupled as-
say units to DCIP units.

Very close agreement was found between the two
methods in erythrocyte samples, with r = 0.997, slope
=0.976 £ 0.040 (xSE), intercept = —0.170 + 0.261
(+SE), and n = 8 (range: 3.63 to 87.2 mU/ml). The agree-
ment in plasma/serum samples was not as good as that
in erythrocytes, with r = 0.923, slope = 0.938 = 0.090
(xSE), intercept = —0.0006 + 0.033 (xSE), and n = 19
(range: 0.36 to 2.18 mU/ml). The poorer correlation with
plasma/serum samples is at least partially due to the
very low activity and the correspondingly greater impre-
cision of both assay methods in plasma/serum samples
(Table 1). These results demonstrate an absence of sig-

nificant constant or proportional errors between the two
methods at the 95% confidence level.

Selectivity and interferences. lodoacetic acid was
used as a specific inhibitor of selenium-dependent GSH-
Px activity. Standards, human erythrocytes, human
plasma, and test proteins were assayed with and without
iodoacetic acid treatment, with and without the presence
of cyanide in the buffer, and with CHPO or H,0, as oxi-
dizing substrate (Table 2). Bovine erythrocyte GSH-Px
was inhibited about one-half by cyanide and 97 to 99%
by iodoacetic acid, with either CHPO or H,0, as sub-
strate. Although cyanide caused a loss of half the sensi-
tivity for standard enzyme, it was very effective at de-
creasing the iodoacetic acid-insensitive activity present
in erythrocytes. With CHPO as substrate and in the
presence of cyanide, the iodoacetic acid-sensitive activ-
ity accounted for 90% of the total erythrocyte activity.
With H,0, as substrate, the interference from erythro-
cytes caused negative peaks when cyanide was omitted.
When H,0, was used as substrate in the presence of cya-
nide, the iodoacetic acid-sensitive activity accounted for
69% of the total erythrocyte activity, showing that cya-
nide was only partially effective at removing the strong
interference of erythrocytes on assays with H,Os.

The activity in plasma was increased by the presence
of cyanide when CHPO was substrate and was only par-
tially inhibited by iodoacetic acid with either substrate,
with or without cyanide. It could not be determined from
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FIG.3. Linearresponse tolow GSH-Px concentrations. The system
was run with the standard conditions, using the 1.0 ml/min sampling
line and with the colorimeter sensitivity increased eightfold (0.25
AUFS). Three replicates were analyzed at each level of bovine erythro-
cyte GSH-Px. Only the means of the replicates are plotted with sym-
bols, although all of the data points were used for calculation of the
regression line. Tests for linearity included outlier residuals (19),
Wald-Wolfowitz runs test of residuals (19), and F test for comparison
of the sample variance to the regression variance (24) and showed no
evidence of significant deviations from linearity at the 95% confidence
level.

these data whether plasma contained an interfering ac-
tivity or if these results were due to the many reported
differences between the plasma and the cellular enzymes
(21). In any event, the lack of significant bias between
the automated assay and the manual coupled assay in
plasma/serum samples suggests that any interferences
from plasma/serum are common to both assay methods.

The apparent GSH-Px activities of the heme proteins
were inhibited by cyanide, in the relative order of cyto-
chrome ¢ > myoglobin > hemoglobin. Although hemo-
globin was the most resistant to inhibition by cyanide,
the fact that the erythrocyte activity was 90% iodoacetic
acid-sensitive when CHPO was substrate in the pres-
ence of cyanide indicates that the selectivity with eryth-
rocyte samples under these conditions was adequate.
The non-selenium-dependent GSH-Px activities of the
GSH S-transferases were not selectively inhibited by cy-
anide, but their activities were dramatically decreased
when H;0, was substrate, as has been reported for the
manual coupled assay (22).

The selectivity and susceptibility to interferences are
essentially the same as those for the standard coupled
assay. The automated assay with H,0, is highly selective
against the non-selenium-dependent activity of GSH
S-transferases and the automated assay with CHPO
measures both the non-selenium-dependent and the se-
lenium-dependent activities, but is selective against in-
terference from heme proteins.

DISCUSSION

This assay is suitable for routine determinations of
GSH-Px activity in blood samples and especially for

high volume applications where throughput and cost are
major concerns. At a sampling rate of 30/h, the sample-
to-sample carryover is less than 0.8%. Higher through-
puts could be obtained with faster sampling speeds at
the cost of increased carryover or decreased sensitivity.
Newer technology, such as “micro-continuous-flow” an-
alyzers should allow higher throughput and lower re-
agent cost without sacrificing sensitivity or increasing
carryover. This method may not be suitable for some ap-
plications in enzyme kinetics because the concentration
of GSH affects the rate of the DCIP indicator reaction
as well as the enzyme reaction. A manual version of this
assay may not be practical because of the need for pre-
cise timing of the absorbance readings in the DCIP indi-
cator reaction step.

While it may at first seem surprising that the net
effect of reactions [1] and [2] is to give a linear response
to GSH-Px concentration, it could be predicted based on
the dependence of the rates of reactions [1] and [2] upon
the GSH concentration. The GSH-Px reaction [1] is
first order with respect to GSH (9) and reaction [2] is
expected to be first order with respect to GSH also. Since
the dependence of reaction [2] upon the rate of reaction
[1] is opposite to the dependence of reaction [1] upon
GSH-Px, that is, when the rate of reaction [1] is at its
minimum (GSH-Px = 0) the rate of reaction [2] is at
its maximum (blue color = baseline) and vice versa, the
changes in the rates of reactions [1] and [2] due to the
changing GSH concentration would be expected to can-
cel each other out, as is in fact observed. The continua-
tion of the GSH-Px reaction [1] in the DCIP reactor ap-
parently does not affect this relationship since we were
able to establish a linear response after independently
varying the temperatures of the enzyme and indicator
reactions between 25 and 37°C and varying the time in
the enzyme reactor from 0 to 21 min and the time in the
indicator reactor from 3 to 7 min. Using the conditions
described under Materials and Methods, we were able to
demonstrate that more than 80% of the enzyme reaction
occurs in the enzyme reactor by comparing the peak
heights with and without the enzyme reactor in the Sys-
tem. This is due to the twofold longer enzyme reaction
time and the fact that the rate of the enzyme reaction
decreases as the GSH is consumed in reaction [1] and
drops precipitously when the DCIP indicator reaction
[2] starts to consume the remaining GSH.

The main determinants of the linear response to
GSH-Px are “balancing” of the GSH and DCIP concen-
trations and maintenance of sufficiently high CHPO
concentrations relative to GSH and DCIP. Linearity at
the lower GSH-Px concentrations depends on the ratio
of GSH to DCIP being such that most, but not all, of the
DCIP is bleached by GSH in the absence of enzyme. We
found baseline absorbances of 0.05 to 0.3 to be suitable.
Figure 3 shows that linearity is maintained all the way
down to near the detection limit using our standard con-
ditions. Linearity at the higher GSH-Px concentrations
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depends on the CHPO concentration being sufficiently
large relative to the GSH and DCIP. In general, higher
GSH and DCIP concentrations require higher CHPO
concentrations to maintain linearity. Increasing the
CHPO concentration while holding GSH and DCIP con-
stant extends the linear range to higher GSH-Px con-
centrations. The top of the linear range is, of course, lim-
ited by the DCIP concentration, which can only produce
a finite amount of color. We were able to establish a lin-
ear response to GSH-Px over the following reactant con-
centration ranges: GSH, 0.25 to 2.3 mMm; DCIP, 0.1 t0 0.8
mM; and CHPO, 0.125 to 20 mM.

The sensitivity of the assay to GSH-Px is increased as
the reactant concentrations are increased. However, the
interfering heme-catalyzed reactions are increased even
more, especially by CHPO. We found the conditions de-
scribed under Materials and Methods to be an adequate
compromise between sensitivity and selectivity for as-
says in erythrocytes. A system dedicated to assays in
plasma or serum could be made much more sensitive to
GSH-Px by increasing the reactant concentrations and
the temperature and pH of the enzyme reaction.

The enzyme activity unit definition used in this work,
micromoles of DCIP “spared” per minute, is dependent
on the reactant concentrations, as well as the time and
temperature of the indicator reaction. This is because
the reaction between GSH and DCIP is incomplete and
the bleaching of DCIP is readily reversed upon standing.
Therefore, each new flow system should be calibrated
against a published assay method, as we have done here.

The lack of a standard enzyme unit definition has
hampered interlaboratory comparisons of GSH-Px ac-
tivities for many years (23). This situation has arisen
because of the kinetics of GSH-Px which cannot be si-
multaneously saturated with respect to both GSH and
hydroperoxide (9), causing the observed activity to be
dependent on the substrate concentrations. Even the
standard coupled assay is affected by the kinetics as well
as by the pH, the temperature, and the presence of inhib-
itors (e.g., cyanide or azide). Therefore, there are several
widely used versions of the “standard” coupled assay,
which all yield different activities. Since there is no
widely accepted unit definition for GSH-Px anyway,
there is no disadvantage in our choice of units. Under
the conditions described under Materials and Methods,
one enzyme activity unit in the coupled assay is equiva-
lent to 167.5 units based on DCIP. The best solution to
this long-standing problem would be the use of a com-
mon calibration or reference standard by all labora-
tories, similar to our use of the Sigma enzyme as an in-
‘terassay calibration standard between the coupled assay
and our method.

The data presented here demonstrate that monitoring
of GSH oxidation with DCIP can be used for the sensi-

tive and selective determination of GSH-Px activity in
blood of several species. Enzyme activities determined
by this method may be compared directly to activities
determined by the coupled assay as long as a common
reference standard is used to calibrate both assays. The
automated method has the advantages of less required
labor, higher throughput, and lower materials cost than
the coupled assay, without sacrificing sensitivity, accu-
racy, or precision.
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